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Abstract
We study S4 flavor symmetric inverse seesaw model which has the possibility of simultaneously
addressing neutrino phenomenology, dark matter (DM) and baryon asymmetry of the universe
(BAU) through leptogenesis. The model is the extension of the standard model by the addition of
two right handed neutrinos and three sterile fermions leading to a keV scale sterile,neutrino dark
matter and two pairs of quasi-Dirac states. The CP violating decay of the lightest quasi- Dirac pair
present in the model generates lepton asymmetry which then converts to baryon asymmetry of the
universe. Thus this model can provide a simultaneous solution for non zero neutrino mass, dark
matter content of the universes and the observed baryon asymmetry. The S4 flavor symmetry in this
model is augmented by additional Z4×Z3 symmetry to constrain the Yukawa Lagrangian. A detailed
numerical analysis has been carried out to obtain dark matter mass, DM-active mixing as well as
BAU both for normal hierarchy as well as inverted hierarchy. We have tried to correlate the two
cosmological observables and found a common parameter space satisfying the DM phenomenology
and BAU. The parameter space of the model is further constrained from the latest cosmological
bounds on the above mentioned observables.
PACS numbers: 12.60.-i,14.60.Pq,14.60.St
∗Electronic address: nayana@tezu.ernet.in
†Electronic address: mkdas@tezu.ernet.in
1
ar
X
iv
:2
00
1.
00
45
2v
1 
 [h
ep
-p
h]
  2
 Ja
n 2
02
0
I. INTRODUCTION
The existence of Dark Matter (DM), the baryon asymmetry of the universe (BAU) and
the massive nature of neutrinos are significant observational evidence for physics beyond
the standard model (SM). The extension of standard model of particle physics [1, 2] can
shed light on deciphering the nature of dark matter which remains a great challenge to
the physics community worldwide. Dark matter is considered to be a crucial ingredient,
necessary in order to produce the large inhomogeneities that form structures in the universe.
Cosmological and astrophysical observations in different context ensure the presence of dark
matter [3, 4] . According to the Planck data , 26.8 % of the energy density in the universe
is composed of DM and the present dark matter abundance is reported as [5]
ΩDMh
2 = 0.1187± 0.0017
Though there is conclusive evidence of the existence of dark matter, the particle nature of
dark matter is still a mystery. The requirements for a particle to be a good dark matter
candidates as mentioned in [6] are not fulfilled by any one of the SM particles. This has
motivated the particle physics community to study different possible BSM frameworks which
can give rise to the correct DM phenomenology and can also be tested at several different
experiments [7]. Beyond standard model (BSM) framework offers a plethora of dark matter
candidates. Among them, sterile neutrino is the most popular candidate which can give rise
to the correct DM phenomenology [8, 9] . It is a right handed neutrino, singlet under the
SM gauge symmetry having tiny mixing with the SM neutrinos leading to a long lifetime
[10]. This neutral long lived and massive particle, specially in keV range has opened the
window towards the search for the particle nature of the dark matter. The most natural
way to produce sterile neutrinos is by their admixture with the active neutrinos [11, 12].
There are different framework of incorporating sterile neutrinos beyond SM. Inverse seesaw
is among one of the scenario where SM is extended by the addition of sterile neutrinos which
is explained in later sections.
Apart from the dark matter, an appealing mystery in particle physics as well as cosmology
is matter-antimatter asymmetry of the universe also termed as baryon asymmetry of the
universe (BAU): an excess of baryons over anti baryons . The qualitative measurement of
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the asymmetry can be expressed as the baryons to photon ratio [13]
ηB =
nB − nB¯
nγ
= (6.04± 0.08)× 10−10 (1)
This matter-antimatter asymmetry of the Universe has to be explained in terms of a dy-
namical generation mechanism called baryogenesis which needs three important conditions:
baryon number (B) violation, C and CP violation, departure from thermal equilibrium as
pointed out by Andrej Sakharov [14]. It has been realised that a successful model of baryo-
genesis cannot be attained within the standard model (SM) which insists the necessity of
a model beyond the SM. In this context, leptogenesis has been a very popular and inter-
esting mechanism to explain the baryon asymmetry of the universe. As mentioned in the
original proposal by Fukugita and Yanagida thirty years back, this mechanism satisfies all
the SakharovâĂŹs conditions required to produce the estimated baryon asymmetry [15]. In
this mechanism, a net generated leptonic asymmetry gets converted into baryon asymmetry
through B+L violating electroweak sphaleron transitions [16, 17]. The interesting feature of
this scenario is that the required lepton asymmetry can be generated through out of equi-
librium decay of the same heavy fields that take part in the seesaw mechanism of producing
neutrino mass and mixing [7]. As outlined earlier, the mystery of dark matter can also be
explainable in the seesaw framework. In this way one can say that leptogenesis realises a
highly non trivial link among three completely independent observations: the absence of
primordial antimatter in the observable Universe , neutrinos mass and mixing and also the
dark matter of the universe.
With the motivation of explaining baryon asymmetry of the universes and the dark matter
within one framework, we have studied a special type of inverse seesaw (ISS) known as
ISS(2,3) in which the particle content of SM is extended by two right handed(RH) neutrinos
and three extra sterile fermions. In this framework, two RH neutrinos combine with two
sterile neutrinos to form two quasi-Dirac states while one particle remains as sterile which
can lead to a keV scale sterile neutrino dark matter. Again, in the same framework, the
lepton asymmetry is generated through the decay of the lightest quasi-Dirac pair present
in the model. The symmetry realization of the model is carried out using discrete flavor
symmetry S4. The model is further augmented by Z4 and Z3 group to avoid the unnecessary
interactions among the particles. The matrices involved in ISS are constructed in such a way
that the µ−τ symmetry is broken in the resulting light neutrino mass matrix to comply with
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the experimental evidence of non-zero reactor mixing angle [18]. The model parameters have
been evaluated and using these parameters , we have carried out a phenomenological study
of dark matter considering the lightest sterile neutrino as a potential candidate. Moreover,
we feed the model parameters to the calculation of the lepton asymmerty generated by the
lightest quasi-Dirac pair and found that this led to baryon asymmetry in agreement with
the observed baryon asymmetry of the universe. Thus our model is consistent with from the
point of baryon asymmetry as well as the dark matter of the universe.
The paper is organized as follows. In section II, we present the S4 flavor symmetric
ISS(2,3) model and the construction of different mass matrices in lepton sector. Section III
is the brief discussion of leptogenesis in ISS(2,3) framework. In section IV, we briefly outline
the keV scale sterile neutrino dark matter production and its properties. Section V is the
discussion about the constraints on sterile neutrinos. The detailed numerical analysis and
the results are discussed in section VI. Finally, we conclude in section VII.
II. S4 FLAVOR SYMMETRIC ISS(2,3) MODEL
Ample of previous works have been focused on different types of seesaw mechanism to
explain the smallness of neutrino mass and other related issues beyond standard model [19–
21]. The inverse seesaw(ISS), being one of these mechanisms, incorporates an interesting
alternative to the conventional seesaw [22, 23]. It is the extension of standard model with
extra singlet fermion having an advantage of lowering the mass scale to TeV range, which
may be probed at LHC and in future neutrino experiments.
In inverse seesaw, the standard model is extended by the addition of right-handed (NR)
neutrinos and gauge singlet sterile neutrinos si. The relevant Lagrangian for the ISS is given
as [24],
L = −1
2
nTLCMnL + h.c
where C ≡ iγ2γ0 is the charge conjugation matrix and nL = (νL,α, νcR,i, sj)T . Here, νL,α with
α = e,µ,τ are the SM left handed neutrino states and νcR,i(i = 1, νR) are right handed (RH)
neutrinos,while sj(j = 1, s) are sterile fermions. The neutrino mass matrix arising from this
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type of Lagrangian is of the form :
M =

0 Md
T 0
Md 0 MN
0 MTN µ

where Md ,MN and µ are complex matrices. Standard model neutrinos at sub-eV scale can
be obtained from Md at electroweak scale, MN at TeV scale and µ at keV scale as explained
in many literatures. The dimension of the mass matrices in the model are(# represents the
number of flavors.) [24]
dimensionMd = (#νR ×#νL)
dimensionMN = (#νR ×#s)
dimensionµ = (#s×#s)
Block diagonalisation of the above mass matrix leads to the effective light neutrino mass
matrix as:
Mν ≈Md(MTN)−1µM−1N MTd (2)
In this work, our framework is ISS(2,3) which is the extension of the SM by the addition
of two RH neutrinos and three additional sterile fermions as mentioned [24] . The motivation
for using this special type of inverse seesaw is that besides accounting for the low energy
neutrino data, it can also provide a viable dark matter candidate and the decay of the RH
neutrinos in the model can produce the observed baryon asymmetry of the universe (BAU)
[25].
Non-Abelian discrete flavor symmetries play crucial rule in finding possible flavor sym-
metry origin of neutrino mass matrix [26–29]. In the present work, the symmetry realization
of the structure of the mass matrices has been carried out using the discrete flavor sym-
metry S4 as our previous work [30], but the charge assignments and flavons are different
leading to a different neutrino mass matrix. S4 is a group of permutation of four objects,
isomorphic to the symmetry group of a cube. S4 has five irreducible representations with
two singlets,one doublet and two triples denoted by 11 , 12, 2, 31 and 32 respectively. The
lepton doublet,charged lepton singlet of the SM in inverse seesaw model transform as triplet
31 of S4 while the SM singlet neutrinos NR, SM Higgs doublet and sterile fermion transform
as 2 and 11 of S4 respectively. Further Z4 × Z3 symmetry is imposed to get the desired
5
Field L lR N¯R H s φ φ′ φs φl η χ χ′ χ′′
S4 31 31 2 11 11 32 31 11 11 31 32 31 32
SU(2)L 2 1 1 2 1 1 1 1 1 1 1 1 1
Z4 1 1 i 1 +i −i −i −1 −i −i −i −i −i
Z3 ω
2 1 1 1 ω ω ω ω ω 1 ω2 ω2 ω2
TABLE I: Fields and their respective transformations under the symmetry group of the model.
mass matrix and to constrain the non-desired interactions of the particles. The particle
content and the charge assignments are detailed in table I , where in addition to the lepton
sector and to the SM Higgs, flavons φ, φ′,φs, χ, χ′,χ′′ have been introduced. The Yukawa
Lagrangian for the charged leptons and also for the neutrinos can be expressed as:
− L = LML + LMD + LM + LMS + h.c (3)
where,
LMD =
y
Λ
N¯RLHφ+
y′
Λ
N¯RLHφ
′, (4)
The cut-off scale Λ is needed to lower the mass dimension to 4. Here, we have also taken
extra scalar φ and φ′ with SM Higgs because S4 product between a doublet and triplet yields
two triplets and H is a S4 singlet, so we need another triplet scalar to keep the Lagrangian
singlet under S4.
LMS = yss¯1cs1φs + yss¯2cs2φs + yss¯3cs3φs (5)
LML is the Lagrangian for the charged leptons which can be written in terms of dimension
five operators as
LML =
yl
Λ
L¯lRHφl (6)
The following flavon alignments allow us to have the desired mass matrix corresponding to
the charged lepton sector
〈Φl〉 = vl.
The charged lepton mass matrix is then given by,
m0l =
vh
Λ

ylvl 0 0
0 ylvl 0
0 0 ylvl
 , (7)
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The Lagrangian LMN is given by,
LM = y1r
Λ
(N¯Rχη)1s1 +
y2r
Λ
(N¯Rχ
′η)1s2 +
y3r
Λ
(N¯Rχ
′′η)1s3 (8)
The VEV alignments for the flavons which result in desired neutrino mass matrix and
leptonic mixing matrix are followed as:
〈Φ〉 = (vh1, vh2,−vh1), 〈φ′〉 = (vh1′ , vh2′ , vh1′), 〈Φs〉 = vs
〈H〉 = vh, 〈χ〉 = (vr, 0, 0), 〈χ′〉 = (0, v′r, 0), 〈χ′′〉 = (0, 0, v′′r ), 〈η〉 = (0, v, 0), 〈χ′〉 = (0, vr′′, 0)
With these flavon alignments different terms in the Lagrangian given by equation (4) can
be written as;
y
Λ
NiRLjHΦ =
y
Λ
H[(N1RL2 +N2RL3)Φ1 + (N1RL3 +N2RL1)Φ3 + (N1RL1 +N2RL2)Φ2]
=
yvh
Λ
[N1RL2vh1 + (N1RL3 +N2RL1)vh3 + (N1RL1 +N2RL2)vh1] (9)
y′
Λ
NiRLjHΦ
′ =
y′
Λ
H[(N1RL2 +N2RL3)Φ
′
1 + (N1RL3 +N2RL1)Φ
′
3 + (N1RL1 +N2RL2)Φ
′
2]
=
y′
Λ
H[(N1RL2 +N2RL3)vh1′ + (N1RL3 +N2RL1)vh3′ + (N1RL1 +N2RL2)vh1′ ]
(10)
y1r
Λ
(NRχη)1s1 =
y1r
Λ
[(N1Rχ2 +N2Rχ3)η1s1 + (N1Rχ3 +N2Rχ1)η3s1 + (N1Rχ1 +N2Rχ2)η2s1]
=
y1r
Λ
N1Rvrvs1 (11)
y2r
Λ
(NRχ
′η)1s1 =
y2r
Λ
[(N1Rχ
′
2 +N2Rχ
′
3)η1s2 + (N1Rχ
′
3 +N2Rχ
′
1)η3s2 + (N1Rχ
′
1 +N2Rχ
′
2)η2s2]
=
y2r
Λ
N2Rvr′vs2 (12)
y3r
Λ
(NRχ
′′η)1s2 =
y3r
Λ
[(N1Rχ
′′
2 +N2Rχ
′′
3)η1s2 + (N1Rχ
′′
3 +N2Rχ
′′
1)η3s2 + (N1Rχ
′′
1 +N2Rχ
′′
2)η2s2]
= 0 (13)
ysssΦs = ys(s1s1 + s2s2 + s3s3)vs. (14)
The chosen flavon alignments lead to different matrices involved in inverse seesaw formula
as follows,
Md =
vh
Λ
yvh3 + yvh3′ yvh1 + yvh1′ yvh1 + yvh1′
yvh1 − yvh1′ yvh3 − yvh3′ yvh1 − yvh1′

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MN =
v
Λ
y1rvr 0 0
0 y2rvr′ 0

µ = ys

1 0 0
0 1 0
0 0 1
 vs
Now,we denote a = vh
Λ
(yvh3 + yvh3′) , b = vhΛ (yvh1 + yvh1′), c =
vh
Λ
(yvh1 − yvh1′), e =
vh
Λ
(yvh3 − yvh3′), f = y1rvr, g = y2rvr′ , p = ysvs. With these notations the mass matrices
involved in ISS can be written as,
MD =
 a b b
c e c
 , µ =

p 0 0
0 p 0
0 0 p
 , MN =
 f 0 0
0 g 0
 . (15)
Depending on the number of fields in the model, a generic ISS realization is characterized
by the following mass spectrum
1. Three light active states with masses of the form
mν = O(µ) k
2
1 + k2
, k =
O(Md)
O(M)
2. #νR pairs of pseudo-Dirac heavy neutrinos with massesO(M) + O(Md).
3. #s–#νR light sterile states (present only if #s >#νR) with masses O(µ).
The mass matrix in ISS framework with ‖µ‖ 6 ‖Md‖, ‖M‖ can be block diagonalised
into light and heavy sectors as [31]
mν ≈Md(MTN)−1µM−1N MTd (16)
MH =
 0 MN
MN
T µ

where mν is the ISS formula and MH is the mass matrix for the heavy quasi-Dirac pairs and
the extra state. mν is diagonalised by PMNS Uν to get the light active neutrinos. While
the diagonalisation of MH will give the mass of the other five heavy particles.
The active-sterile mixing in the framework of ISS as is given as [32],
 ≈ 1
2
M †d(MN
−1)∗(MNT )−1Md (17)
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As mentioned in [32] from equation (17) and (16) one may write,
mν ≈Md(MTN)−1µM−1N MTd ≈ µ (18)
or
 ≈ mνµ−1 (19)
In the framework of ISS(2,3), M is not a squared matrix rather it is a 2×3 matrix. So, M−1
is not well defined. We followed the general version of (16) . It follows as,
mν ≈MTd dMd (20)
where d is 2× 2 dimensional sub matrix defined as
MH
−1 =
d2×2 ....
..... ....

with
MH =
 0 MN
MN
T µ

Similarly, the active-sterile mixing can be obtained as,
 ≈ 1
2
MTd dMdµ
−1. (21)
The elements of the light neutrino mass matrix in the framework of ISS(2,3) arising from
the above mentioned mass matrices are given below:
(−mν)11 = a
2p
f 2
+
c2p
g2
(−mν)12 = abp
f 2
+
cep
g2
(−mν)13 = abp
f 2
+
c2p
g2
(−mν)22 = b
2p
f 2
+
e2p
g2
(−mν)23 = b
2p
f 2
+
cep
g2
(−mν)33 = b
2p
f 2
+
c2p
g2
The light neutrino mass matrix obtained here in both the models can give rise to the
correct mass squared difference and non-zero θ13. Thus the desired structures of the mass
matrices have been made possible by the combination of flavor symmetry S4 as well as
Z4 × Z3 symmetry.
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III. LEPTOGENESIS IN INVERSE SEESAW FRAMEWORK
As mentioned above, the ISS(2,3) model contains three active neutrinos, two right handed
neutrinos and three extra right handed sterile fermions. In this framework, the four right
handed neutrinos will combine to form two quasi-Dirac pairs [31] while one remains as sterile
[33]. This framework has the advantage that the RH neutrinos present in the model can be
responsible for the generation of the observed baryon asymmetry. The decay of the heavy
Majorana particles will create lepton asymmetry which in turn can be converted to baryon
asymmetry by the sphaleron process [34–36]. In our model, the decay of the lightest quasi-
Dirac pair will potentially contribute to the observed baryon asymmetry of the universe
(BAU). The lepton asymmetries produced in the decay of heavier pair will be washed out by
the lepton number violating scatterings of the lightest pair [37]. Thus the inverse seesaw has
the advantage that it can explain the small mass of the active neutrinos with low scale RH
neutrinos as well as the decay of the same RH neutrinos will produce the observed baryon
asymmetry. It is to note that all the Dirac Yukawa couplings coming from the inverse seesaw
are complex and hence can act as a source of CP-violation, as there are no CP violating
phase associated with RH neutrinos [38].
In the model, there are two quasi-Dirac RH neutrino pairs Ni,j with masses Mi,j where
Mi(i = 1, 2...4) denotes the four heavy neutrino mass eigenvalues while the fifth one corre-
sponds to the lightest sterile neutrino [30]. The CP asymmetry generated by the decay of
Ni into any lepton flavor can be obtained as [39],
i =
1
8pi
∑
j 6=i
Im[(hh†)ij]∑
β |hiβ|2
f νij (22)
where, hiα represents the effective Yukawa coupling in the diagonal mass basis. f ν is the
L-violating self-energy and vertex loop factor which is given as [40],
f νij =
(M2j −M2i )MiΓj
(M2j −M2i )2 +M2j Γ2j
(23)
Here, Γi is the decay width of the heavy-neutrino Ni. Mi are the real and positive eigenvalues
of the heavy neutrino mass matrix which are grouped into two quasi-Dirac pairs with mass
splitting of order µkk (k = 1, 2) while the remaining one will be the lightest sterile fermion.
The calculation of CP asymmetry in terms of the Yukawa couplings in the flavor basis can
be obtained using the relations among the Yukawa couplings in the flavor basis (yiα) and
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that in the mass basis (hiα) given in appendix A. Using these relations, the expressions for
CP asymmetry for the decay of one of the quasi-Dirac particles (say i=1) can be written as
[41],
1 =
1
8pi
∑
j 6=1
Im[(hh†)1j]∑
β |h1β|2
f ν1j =
ε2
16pi
∑
β |y1β|2
Im[ei(θ1−θ2)
∑
α
y∗1αy2α]f
ν
13 (24)
Here, we have taken f13 = f14 and j=2 term vanishes as there is no imaginary part. The
term eiθi comes from unitary transformation of a new matrix M˜i obtained fromMH as shown
here. The formation of the new matrix can be found in appendix as mentioned in [41]. In
the (Ni, si) flavor basis, we have the 2× 2 matrices a
M˜i =
 0 MNi
MNi µii
 =
 0 MNi
MNi εiMNie
iθi

Here, εi = µiiMNi << 1.Now, the wash out parameter Ki are defined as
Ki =
Γi
H(z = 1)
=
Mi
8pi
(hh†)ii × Mpl
1.66
√
g∗M21
(25)
where, Γi is the decay width of the decaying right handed neutrino (RHN) Ni and H is
the Hubble rate of expansion at temperature T = M1 is H = 1.66
√
g∗
M2i
Mpl
We denote the
effective number of relativistic degrees of freedom as g∗ and is approximately 110. Again,
the decay width of one of the quasi-Dirac pairs (say i=1) can be given as ,
Γi =
Mi
8pi
(hh†)ii (26)
From the expression above for lepton asymmetry, one can write the final BAU as,
YB = c
∑
i
κii (27)
where c determines the fraction of lepton asymmetry being converted into baryon asymmetry,
the value of c is 10−2. κ is the dilution factor responsible for the wash out processes which
erase the generated asymmetry. i represents the CP asymmetry generated by the decay of
RH neutrinos Ni into any lepton flavor. The expressions for κ depending on the scale of the
wash out factor K [42].
−κ ≈
√
0.1Kexp[−4/(3(0.1K)0.25)], for K ≥ 106 (28)
≈ 0.3
K(lnK)0.6
, for 10 ≤ K ≤ 106 (29)
≈ 1
2
√
K2 + 9
, for 0 ≤ K ≤ 10. (30)
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In our model, CP asymmetry generated by the heavy pair is washed out. Therefore, the CP
asymmetry generated by the light quasi-Dirac pair can only have significant contributions to
baryon asymmetry. Moreover, flavor effects are also not important in our framework which
is an advantage of inverse seesaw because of the large Yukawa couplings as mentioned [41].
The analytical expressions of all the terms involved in the calculation in terms of our model
parameters are explained in appendix.
IV. STERILE NEUTRINOS IN KEV SCALE
Another important feature of our model is that it can naturally lead to a sterile state
besides explaining baryon asymmetry of the universe (BAU). This state can have any masses
from eV to MeV depending on the model. Our study includes sterile neutrinos specifically in
KeV scale which has both phenomenological and cosmological importances. Sterile neutrinos
in keV range can be a viable candidate to account for the dark matter (DM) of the universe
[43].
Sterile neutrino being a neutral, massive and long lived particle can be a good dark
matter candidate [44]. The most natural way to produce sterile neutrinos is their admixture
to the active neutrino sector which leads to the conclusion that any reaction producing
active neutrinos can also produce sterile neutrinos as long as active-sterile mixing angles are
non-zero [45]. However, sterile neutrino must satisfy the are bounds from astrophysics and
cosmology on the mass and mixing to fulfill the criteria of being DM candidate. If sterile
neutrino is a DM candidate, the relic abundance is proportional to the active-sterile mixing
and the mass and can be expressed as [33, 46]:
ΩDMh
2 = 1.1× 107
∑
Cα(ms)|αs|2
( ms
keV
)2
, α = e, µ, τ (31)
where sin22θ = 4
∑ |αs|2 with |αs|is the active-sterile leptonic mixing matrix element and
ms represents the mass of the lightest sterile fermion. |αs| is calculated using equation
One of the important criteria for a DM candidate is its stability on cosmological scale.
The lightest sterile neutrino may decay into an active neutrino and a photon γ via the
process N −→ ν + γ that leads to a monochromatic X-ray line signal [47]. However, as
discussed in many literature, the decay rate is negligible with respect to the cosmological
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scale because of the small mixing angle. The decay rate is given as [48] :
Γ = 1.38× 10−32
(
sin22θ
10−10
)( ms
keV
)5
s−1. (32)
It is evident from the above expressions that the decay rate and as well as the relic abundance
depend on mixing and mass of the DM candidate.
V. CONSTRAINTS ON KEV SCALE STERILE NEUTRINO
Sterile neutrinos produced by the mixing with active neutrinos can have impacts on
several phenomena. Cosmology, low energy and collider observables can severely constrain
the model of keV sterile neutrinos as mentioned in [49] .
Any theoretical neutrino mass model should be compatible with the latest neutrino oscil-
lation data for both normal as well as inverted hierarchy. In our model, we have evaluated
the model parameters using the latest global fit neutrino oscillation data [50] ensuring the
compatibility with the latest neutrino oscillation parameters.
Perturbativity of Yukawa couplings puts strong upper bound on the Yukawa couplings
generated in a model. In our analysis to explain neutrino phenomenology,dark matter and
baryogenesis, Yukawa couplings lie in the range (10−5 − 10−2) which satisfies the perturba-
tivity limits.
Addition of extra sterile states may violate the unitarity of the PMNS matrix. However,
in our analysis, it did not affect the active neutrino mixing matrix (PMNS matrix). In our
framework, the effective light neutrino mass matrix mν can be written as
mν = U
∗mνU † (33)
The unitary matrix U is related to the PMNS mixing matrix Uν as follows [25]
Uν = (1− 1
2
θθ†)U +O(θ3) (34)
As mentioned by the authors in [25], strong experimental constraints allow us to neglect θ
which parametrises the deviation from unitarity of the PMNS matrix.
A number of cosmological observations also constrains the sum of the three neutrino
masses for both normal and inverted hierarchy [51]. It has been observed that our model
complies with the cosmological limits on sum of the active neutrino masses.
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Direct detection of sterile neutrino provides a strong bounds on the parameter space of
mass and mixing with the active neutrinos. We have restricted our model with the bounds
from direct detection experiments like XENON100,XENON1T [52].
Sterile neutrinos produced via Dodelson-Widrow (DW) mechanism are warm DM, and
constraints exist on their relic density from large scale structure (LSS) formation. In partic-
ular,the new limits on the nature of DM comes from Lyman forest data [53] which constrain
the mass-mixing parameter space. Constraints from LSS provides lower bounds on the DM
mass [54]. In our model, sterile neutrinos are produced via non resonant production (NRP)
mechanism. Constraints from Lyman-α data on the mass of the sterile neutrino has been
considered in our analysis. We have adopted the results in [55, 56].
Indirect detection is an important technique to detect dark matter which involves search-
ing for signatures of DM decaying or annihilating into standard model particles. [57]. A sub
dominant fraction of DM particles can still decay at present time, giving rise to a monochro-
matic line in the X-ray photon spectra. This sets strong bounds on the active-sterile mixing
which has been implemented to constrain our model since sterile neutrinos in keV range
can decay into decay into an active neutrino and a mono- energetic photon(γ). This kind
of signature is within reach of satellite detectors like CHANDRA [58] and XMN [59]. In
our model, we have incorporated the constraints on the mass-mixing parameter space as
mentioned in [47, 48, 60].
VI. NUMERICAL ANALAYSIS AND RESULTS
The mass matrices mD, M, µ involved in ISS are structured using the discrete flavor sym-
metry S4 as mentioned above and we obtain resulting light neutrino mass matrix using (20)
. The neutrino mass matrix contains seven complex model parameters. For the numerical
analysis, we have fixed the value of two model parameters f and g corresponding to the RH
neutrino mass matrix. In our study we vary the model parameter p in a range so that it
can lead to sterile neutrinos in keV range as well as explain the baryon asymmetry of the
Universe. The fixing of model parameters f and g depends on the study of the range of
sterile neutrinos. The RH neutrino masses i.e the values of f and g are fixed at 9× 104 GeV
and 13.5×104 GeV respectively. The other four model parameters can be evaluated by com-
paring the neutrino mass matrix arising from the model with the one which is parametrized
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by the available 3σ global fit data given in table II. This parametric form of light neutrino
mass matrix is complex symmetric and so it contains six independent complex elements.
We solve the four model parameters comparing with the four complex elements. We first
randomly generate the nine light neutrino parameters in the 3σ range and then we evaluate
the four model parameters To ensure the equality of the other two elements, a tolerance of
10−4 is chosen. It means that we have taken those sets of model parameters for which the
differences between the remaining two elements of the neutrino mass matrix arising from
the model and the one which is parametrized by the available 3σ global fit data are less
than 10−4. It has been observed that these two constraints tightly restrict the light neutrino
parameters to a set of very specific values, resulting in a very predictive scenario. The light
neutrino mass matrix can be written as,
mν = UPMNSm
diag
ν U
T
PMNS (35)
where the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix can be
parametrized as [61]
UPMNS =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
UMaj (36)
where cij = cos θij, sij = sin θij and δ is the leptonic Dirac CP phase. The diagonal matrix
UMaj = diag(1, eiα, ei(β+δ)) contains the Majorana CP phases α, β. The diagonal mass matrix
of the light neutrinos can be written as, mdiagν = diag(0,
√
m21 + ∆m
2
solar,
√
m21 + ∆m
2
atm) for
normal hierarchy and mdiagν = diag(
√
m23 + ∆m
2
atm,
√
∆m2solar + ∆m
2
atm,m3) for inverted
hierarchy [62].
The eigenvalues of MH e.g.in case of model are obtained as
MH1 =
1
2
(p−
√
4f 2 + p2) (37)
MH2 =
1
2
(p+
√
4f 2 + p2) (38)
MH3 =
1
2
(p−
√
4g2 + p2) (39)
MH4 =
1
2
(p+
√
4g2 + p2) (40)
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Oscillation parameters 3σ(NO) 3σ(IO)
∆m221
10−5eV 2 7.05 - 8.14 7.05 - 8.14
∆m231
10−3eV 2 2.41 - 2.60 2.31-2.51
sin2θ12 0.273 - 0.379 0.273 - 0.379
sin2θ23 0.445 - 0.599 0.453 - 0.598
sin2θ13 0.0196 - 0.0241 0.0199 - 0.0244
δ
pi 0.87 - 1.94 1.12- 1.94
TABLE II: Latest Global fit neutrino oscillation Data [50].
.
MH5 = p (41)
It is evident that one of the eigenvalues depends only on the mass matrix µ and hence may
be considered as the lightest sterile state as discussed in the previous section. The model
parameter p corresponds to the mass of the dark matter while active-sterile mixing can be
determined numerically. With the same set of model parameters, numerically evaluated
for the model, we have performed the calculations in lepton asymmetry using the equations
mentioned above. We have taken f = 9×104 GeV, g = 13.5×104 GeV and the lightest sterile
neutrino in keV range to obtain successful leptogenesis as well as dark matter phenomenology.
We then calculate the baryon asymmetry for the light neutrino parameters that are consistent
with neutrino data as well as the model restrictions discussed above. In the calculations,
we have considered the decay of the lightest quasi-Dirac pair (N1, s1) as the asymmetry
generated by the heavy pair (N2, s2) is washed out very rapidly.
Since the lightest sterile neutrino is in keV range, we study the DM phenomenology which
involves the calculation of the decay rates of the sterile DM using(32), DM-active mixing
and also the relic abundance of the proposed candidate for normal hierarchy(NH) as well as
inverted hierarchy(IH). All of these are dependent on our model parameters as mentioned
earlier. Hence, the same set of model parameters which are supposed to produce correct
neutrino phenomenology can also be used to estimate the DM-active mixing, relic abundance
and the decay rate of the sterile neutrino dark matter.
• We have shown different plots obtained from our numerical analysis carried out for
normal hierarchy (NH) as well as inverted hierarchy (IH) from fig 1 to fig 12.
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• Fig 1 and Fig 2 indicate the baryon asymmetry as a function of model parameters for
NH and IH when the lightest sterile neutrino is in keV range.
• Fig 3 shows the variation of baryon asymmetry as a function of DM mass for normal
as well as inverted hierarchy. These two observables are cosmological and our model
satisfies the existing limits on both the observables. It is evident from the plots that
the observed baryon asymmetry is satisfied for the dark matter mass from 1 − 5 keV
for NH, although, we have obtained a wide range of dark matter mass satisfying the
cosmological limits on BAU.
• Fig 4 shows the variation of baryon asymmetry as a function of Majorana CP phases
for normal as well as inverted hierarchy.It is noticeable that our model highly constrain
the Majorana CP phase α which does not have any prior conclusive range. However,
our model discards the sin α range from -0.2 to 0.2 in case of IH.
• The variation of baryon asymmetry as a function of Dirac CP phases for normal as
well as inverted hierarchy are shown in fig 5. It can be seen from this plot that it
cannot give preference for any particular value of Dirac CP phase.
• Fig 6 to fig 10 are the plots for dark matter phenomenology when the sterile neutrino
is in keV range and behaves as a viable DM candidate.
• Fig 6 represents the two dimensional parameter space for DM mass and DM-active for
both NH and IH. The limits on mass and active-sterile mixing from the requirement
of a good DM candidate are (0.4 − 50)keV and (10−12 − 10−8) respectively. We have
incorporated the cosmological bounds from Lyman-α and X-ray data in the figure.
The figure indicates that the allowed dark matter mass lies within the range of 10−14
keV for NH and 10− 17 keV for IH.
• Fig 7 and fig 8 show the variation of DM mass as a function of the model parameters
for normal hierarchy and inverted hierarchy respectively. Cosmological bounds from
Lyman-α and X-ray data are implemented in the figure. X-ray limits on fig 6 excludes
the masses above 17 keV and that limits are also included in the fig 7 and fig 8.
• We have shown the prediction of decay rate of the lightest sterile neutrino as a function
of DM mass for both the mass hierarchies in fig 9. It is observed that the decay rate
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is negligible and lies within the range 10−36 to 10−27 s−1 for both the hierarchies. The
constraints from structure formation are also imposed in the figure.
• Fig 10 shows the relic abundance of the proposed DM candidate as a function of DM
mass. It is noticeable that both the hierarchical patterns of the neutrino mass lead to
overabundance of sterile neutrino dark matter which region is however excluded in our
analysis. For inverted hierarchical pattern, we have not obtained good results satisfying
the relic abundance while the normal hierarchical pattern shows better predictions on
relic abundance.
• Fig 11 and fig 12 represent DM-active mixing as a function of the model parameters
for normal hierarchy and inverted hierarchy respectively. We have imposed the cos-
mological bounds from Lyman-α and X-ray data in the figure. The regions excluded
by the X-ray limits on fig 6 are also implemented here. A wide range of all the model
parameters agree with the limits of DM-active mixing in our model.
FIG. 1: Baryon Asymmetry as a function of the model parameters for normal hierarchy. The
horizontal red line represents the Planck limits on BAU η = 6.1× 10−10.
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FIG. 2: Baryon Asymmetry as a function of the model parameters for inverted hierarchy. The
horizontal red line represents the Planck limits on BAU η = 6.1× 10−10 .
FIG. 3: BAU as a function of dark matter mass for NH and IH. The horizontal red line represents
the Planck limits on BAU η = 6.1× 10−10.
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FIG. 4: Baryon asymmetry as a function of Majorana CP phases for normal and inverted hierar-
chy.The horizontal blue line represents the Planck limits on BAU η = 6.1× 10−10.
FIG. 5: Baryon asymmetry as a function of Dirac CP phase for normal and inverted hierarchy. The
horizontal blue line represents the Planck limits on BAU η = 6.1× 10−10
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FIG. 6: DM-active mixing as a function of the mass of the DM for both normal hierarchy as well
as inverted hierarchy. The cosmological limits are imposed in the figure.
FIG. 7: Dark Matter mass as a function of the model parameters in normal hierarchy. The shaded
regions are excluded by X-ray and Ly − α data.
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FIG. 8: Dark Matter mass as a function of the model parameters for inverted hierarchy. The shaded
regions are excluded by X-ray and Ly − α data.
FIG. 9: Decay rate of the lightest sterile neutrino as a function of DM mass for normal hierarchy
as well as inverted hierarchy.
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FIG. 10: Sterile neutrino contribution to DM abundance in NH and IH.
FIG. 11: DM-active mixing as a function of the model parameters in normal hierarchy. The shaded
regions are excluded by X-ray and Ly − α data.
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FIG. 12: DM-active mixing as a function of the model parameters for inverted hierarchy. The
shaded regions are excluded by X-ray and Ly − α data.
VII. DISCUSSION AND CONCLUSION
In this work, we have addressed neutrino mass and baryon asymmetry of the universe
along with the proposal of a viable dark matter candidate in an inverse seesaw framework.
The standard model is extended by discrete flavor symmetry S4×Z4×Z3. The field contents
and their transformations under S4 symmetry are so chosen that these fields lead to a light
neutrino mass matrix mν which is consistent with the broken µ−τ symmetry. In this model,
the lepton asymmetry is generated by the CP violating decay of the lightest quasi-Dirac pair
which then converts to baryon asymmetry through sphaleron process. This model has the
special feature that there exists a sterile state in keV scale, which can contribute significant
dark matter phenomenology.
After constructing the model, the model parameters have been evaluated by comparing
the light neutrino mass matrix arising from the model with the one constructed from light
neutrino parameters for both normal as well as inverted hierarchy. We then feed the model
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parameters in the calculation of DM-active mixing and the relic abundance considering the
lightest sterile neutrino as dark matter candidate. The stability of the proposed dark matter
has been verified by calculating the decay rate of the lightest sterile neutrino in the process
N −→ ν + γ (N being the sterile neutrino) with same range of allowed parameters. This
results in negligible decay rate ensuring the stability of the dark matter candidate atleast
in the cosmological scales. The parameter space is confined due to the cosmological bounds
from X-ray and Ly-α data which have been implemented in our analysis.
Apart from the calculation involved in the DM phenomenology, the same allowed range
of model parameters are used to calculate the baryon asymmetry of the universe. We have
considered the possibility that the lightest quasi-Dirac pair generates the lepton asymmetry,
whereas the asymmetry created by the heavier quasi-Dirac pair has been washed out. It
is quite interesting that a wide range of model parameters agree with the observed baryon
asymmetry of the universe for both the hierarchies. We have also found the correlation
between the two cosmological observables which restricts our parameter space.
The inverse seesaw model is known to be able to simultaneously account for neutrino
masses,mixing and dark matter (DM). However, the implementation of an additional dis-
crete symmetry further constrain the model, enhancing its predictivity and testability per-
spectives, especially in relation to its flavor structure and CP properties. We have shown
that the ISS augmented with an additional S4 flavor symmetry can still account for neutrino
as well as DM phenomenology with proper explanation of the observed baryon asymmetry
of the universe which is a significant feature of this work. Thus besides the prediction for
experimentally observed neutrino parameters, this model can explain two of the important
puzzles of particle physics and cosmology, the baryon asymmetry of the universe as well as
the dark matter. The proposed model of explaining the two important cosmological issues
can shed light on different future and present dark matter detection experiments. This model
may have some other interesting implications in collider as well as rare decay experiments
like lepton flavor violation which we leave for our future study. The impacts of the model
on lepton number violating processes can also be studied further.
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Appendix A: Analytical Expressions for the CP asymmetry in terms of model pa-
rameters
The full Majorana mass matrix in the flavor basis (Ni, si) is given by
M =
 0 MN
MTN µ

The Yukawa Lagrangian in this basis is given by
Ly = yiαN¯iφ
†lα +MNijN
T
i C
−1Sj +
1
2
µijS
T
i C
−1Sj + h.c
In order to calculate the CP asymmetry in this framework, it is more convenient to work
in the basis in which the RH Majorana neutrino mass matrix is diagonal with real and
positive eigenvalues. The Lagrangian in that case has the Lagrangian
Lh = hiαN¯iφlα +
1
2
MiN
T
i C
−1Ni + h.c
In our model, there are two quasi-Dirac pairs and the lighteset sterile neutrino decouples
from them. The analytic expression for CP asymmetry can be derived in these two limits
and for two sets of RH neutrinos i.e. (Ni, Si) with i = 1, 2. Now, the 4 × 4 version of
Majorana matrix becomes
M =
 0 MN2×2
MTN2×2 µ2×2

The Majorana mass matrix can be reduced to a simple block diagonal form which decou-
ples the (N1, S1) and (N2, s2) sector as follows
M =

0 0 MN1 0
0 0 0 MN2
MN1 0 µ11 0
0 MN2 0 µ22
→

0 MN1 0 0
MN1 µ11 0 0
0 0 0 MN2
0 0 MN2 µ22

Then in the (Ni, si) flavor basis, we have the 2× 2 matrices
Mi =
 0 MNi
MNi µii
 =
 0 MNi
MNi iMNie
iθi

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where εi = µiiMNi  1 and The Mi is diagonalized with real and positive eigenvalues by a
unitary transformation UTi MiUi where
Ui =
−icosαieiθi/2 sinαieiθi/2
isinαie
−iθi/2 cosαie−iθi/2

and the mixing angles are given by
cosαi ' 1√
2
(1 +
εi
4
), sinαi ' 1√
2
(1− εi
4
)
The corresponding mass eigenvalues are given by
Mi 'MNi(1±
εi
2
), (i = 1, 2; j = 1, 2, 3, 4)
From the expression,it is evident that the mass splitting within a quasi -Dirac pair is given
by µii
The Yukawa couplings in this diagonal mass basis are related to the couplings in the
flavor basis as follows:
h1α ' ie
−iθ1
√
2
(1 +
1
4
)y1α
h2α ' e
−iθ1
√
2
(1− 1
4
)y1α
h3α ' ie
−iθ2
√
2
(1 +
2
4
)y2α
h4α ' e
−iθ2
√
2
(1− 2
4
)y2α
The CP-asymmetry for the decay of one of the quasi-Dirac particles can be calculated using
the expression
i =
1
8pi
∑ Im[(hh†)2ij]∑ |hiβ|2 fijv
We have considered the CP asymmetry generated by the first pair . Now say for i= 1 and
i=2 The CP-asymmetry parameter will be
1 =
1
8pi
∑
j 6=1
Im[(hh†)21j]∑ |h1β|2 f1jv ' ε216pi∑ |y1β|2 Im[ei(θ1−θ2)(∑
β
y∗1αy2α)
2]f v13
2 =
1
8pi
∑
j 6=2
Im[(hh†)22j]∑
β |h1β|2
f2jv ' ε2
16pi
∑ |y1β|2 Im[iei(θ1−θ2)(∑ y∗1αy2α)2]f v23
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Here, ε1 = pf and ε2 =
p
g
and it is assumed that f13 = f14. Here, j = 2 term vanishes as
there is no imaginary part in that case. In our model MN1 = f , MN2 = g ,µ11 = µ22 = p
and thus it leads to the diagonalising matrix of M in our model as
U1 =
 − 12f (p+√4f 2 + p2) 1
− 1
2f
(p−√4f 2 + p2) 1

U2 =
 − 12g (p+√4g2 + p2) 1
− 1
2g
(p−√4g2 + p2) 1
 (A1)
with
cosα1 ' 1√
2
(1 +
p
4f
), sinα1 ' 1√
2
(1− p
4f
)
cosα2 ' 1√
2
(1 +
p
4g
), sinα2 ' 1√
2
(1− p
4g
) (A2)
Comparing these matrices arising from our model with the one mentioned in equation ??
and with further simplifications we obtain the expressions for ei(θ1−θ2) as,
ei(θ1−θ2) =
32fg
(4g + p)(4f − p) (A3)
Again, the decay width of one of the quasi-Dirac pairs (say i=1) can be written as,
Γ1 =
M1
8pi
(hh†)11 =
1
2
(1 +
ε1
2
)
∑
α
y∗1αy1α (A4)
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